Direct-current (d.c.) electricity generation using moving Schottky contact is emerging as a new strategy for mechanical energy conversion. Here, we demonstrate the generation of d.c.tunneling current with a density of ~35 A/m 2 at a metal-insulator-semiconductor (MIS) sliding system using micro-tips. The measured current densities were found to be three to four orders of magnitude higher than that observed with the conventional polymer-based triboelectric nanogenerators (TENGs). The electromotive force ∆Vs * for the tribo-tunneling transport comes from the dynamic electronic excitation at the frictional interface rather than from the electrostatically trapped surface charges as in the case of conventional TENGs. The strong electronic excitation can give rise to a non-equilibrium interfacial charge variation ∆σm.
Understanding the carrier dynamics at a frictional interface is essential for developing novel mechanical energy conversion technologies. [1] [2] [3] To date, d.c. generation phenomenon has been observed in various metal-semiconductor moving systems (metal-MoS2 layers [4] , metal-Si [5] , graphene-Si [6] , metal-conducting polymer (PPy) [7] , SnO2-PPy [8] , etc.), and different mechanisms have been proposed to explain the generation of high density currents. Unlike a conventional triboelectric nanogenerator (TENG) that generates alternating current by dielectric displacement (a.c., J~0.01-0.1 A/m 2 ), sliding metal-semiconductor frictional contact induces strong localized electric field and produces high current density (d.c., J of the order of 10 A/m 2 ) through quantum mechanical tunneling. [4, 5] Particularly, it has been found that the electromotive force (emf, measured in volts) in a tribo-tunneling system is related to an electronic excitation process under non-equilibrium condition, which cannot be explained by the electrostatics-based TENG theory. [4, 5] Though the triboelectric charge transfer phenomenon via contact electrification has been investigated for years, little is known for the electronic excitation due to frictional contact. [1, 9] Generally, the open-circuit voltage (Voc) in a conventional TENG is attributed to the separation of two dielectric materials carrying opposite electrostatic charges. [3, 10] As illustrated in Figure 1a , when the two bodies in contact are separated horizontally, the induced image charges on the electrodes, positive on one electrode and negative on another, provide the emf for the current flow in the external circuit. [4, 5] In contrast, the rising interfacial potential ∆Vs * in the MS sliding contact (Figure 1b) shows very different features: i) ∆Vs * is excited at an intimately contacted M-S interface in the absence of changing contact area or separation distance (capacitance C remains constant), and ii) the sustained d.c. output arises instantaneously irrespective of the sliding direction. [4, 5] However, the Voc is negligible when the two contact bodies are intimately contacted in conventional TENGs (Figure 1a) : the positive/negative electrostatic charges are confined in a 'two-dimensional' interface cancelling each other, and therefore electrodes are in isopotential.
[3] For comparison, we first used Kelvin probe force microscopy (KPFM) to investigate the triboelectric charging effect in conventional TENGs. [11, 12] In the AFM experiments, a p-type Si substrate (boron-doped, orientation <100>, resistivity: 0.1-1 Ω . cm) coated with aluminum bottom electrode was used. First, a selected area was rubbed with a boron-doped diamond AFM tip, followed by a Peakforce tapping-KPFM scan on an enlarged area (Figure 1c) . [12, 13, 14] In KPFM measurement, VCPD is expressed by [13, 15] :
where Vsample, Vtip, φtip, and φsample denotes sample surface potential, tip surface potential, tip work function, and sample work function, respectively. Specially, the work function of a nonmetallic material surface may be expressed in the form of [16] :
where Ec, EF, and (Ec-EF)bulk represent conduction band, Fermi energy level, and their difference in the bulk, respectively. Vs is the surface band bending due the charged surface states, χ is the electron affinity, and Δϕs is the short-range surface electrical dipole (see Figure   S1 in Supporting Information for details).
As shown in Figure 1d , the contrast of contact potential difference, VCPD, can be observed on the rubbed area, which is associated with the increased local surface charge density (∆σ).
Considering the electrical routing in the experiment (from sample to tip), a larger φsample and hence a smaller Vs is predicted on the rubbed area, indicating positive charge (i.e. hole) accumulation at the native silicon oxide surface. As the contact force F increases, it can be seen that ∆VCPD of the rubbed area increases from ~40 mV to ~96 mV, which can be considered as due to the increased microscopic contact area between the tip and the substrate, and the enhanced charge transfer under compression between the tip and the substrate surface atoms (Figure 1d ). [17, 18] In dielectric materials based TENGs, those trapped surface charges induce image charges on the bottom electrode, generating voltage when the contact materials are separated vertically in distance or horizontally in area.
We also investigated the characteristics of ∆Vs * , which accounts for the tribo-tunneling current. Figure 1f and 1h show the C-AFM tunneling current signal under Peakforce tapping mode ( Figure 1e ) and contact mode (Figure 1g ), respectively. Under the Peakforce tapping mode, the AFM probe and sample are intermittently brought into contact while the tip is scanned across the sample off resonance at 1 kHz (the resonance frequency is ~97 kHz), and with the feedback loop controlling the maximum force on the tip (Peak force) for each individual cycle (See Figure S4 in the Supporting Information). It can be seen that C-AFM current is generated only under continuous sliding of the contact (Figure 1h ), indicating that a strong lateral interfacial atomic interaction is required for triggering the electronic excitation.
It should be noted that the negative current direction here refers to the current flowing from the tip to the sample in the external circuit (i.e. the electron tunneling from the tip into the sample at the contact), which was ambiguous previously [5] .
We determined the ∆Vs * of the tribo-tunneling current using a null method. In a d.c.
generator system like solar cell, the value of Voc can be determined by applying external bias to nullify the current output. Figure 1i-1l show the C-AFM current distribution with varying external bias Vbias (F=500 nN). The Voc is estimated to be 300-400 mV when the current signal diminishes to ~0. Notably, the value of ∆Vs * is 3~4 times higher than that of the ∆VCPD under the same force (96 mV). The physical difference between ∆Vs * and ∆VCPD is more evident from the microscopic experimental data (Figure 2a) , where a gold-coated spring connector with tip diameter ~59 μm is used to control the contact force in measurement. It can be seen that the sliding movement induce Voc of magnitude around 300~400 mV that immediately decays to zero under static condition (Figure 2b) . [28] and [29] .
The current density (J) and power density as a function of electric load R are collected under F=0.5 N and shown in Figure 2c . The short-circuit current Isc is measured to be ~100 nA, which corresponds to Jsc ~35 A/m 2 considering a circular contact interface with diameter of ~50 μm (Figure 2a) . Here, the parameter fill factor (FF), defined as the ratio of the maximum power to the product of Voc and Isc in solar cell, is adopted to characterize the quality of power generation in the tribo-tunneling system [19] :
Accordingly, the calculated FF is ~0.23, and the lower value can be attributed to the large contact resistance of the point-plane interface. Previously, we have reported that the Jsc of ~2.5
A/m 2 and the power density of ~0.3 W/m 2 in the MIS system by multimeter probe with a tip diameter ~1 mm, and FF of ~0.34. [5] Therefore, it is suggested that the reducing tip radius could enhance the d.c. density, which is in good agreement with our AFM results of the tribotunneling systems. [4, 5] However, the internal energy conversion efficiency may be influenced by the increased contact resistance in the sharp point contact.
We shall now discuss the mechanism of the ∆Vs * generation in sliding MIS contacts.
Neglecting the bulk defects within the thin oxide layer, from charge neutrality we can express the interfacial charge as [16, 20] :
where σm, σss, and σsc denotes the charge density at metal surface, Si-SiOx interface and Si surface depletion layer (SCR), respectively (Figure 2e) . Empirically, the sign of σm depends on the relative potential values of the contact materials in the triboelectric series, which is described by different contact electrification theories such as electron transfer, ion transfer, and mass transfer. [9] It is known from the KPFM results that σm<0, which corresponds to electron transfer from oxide surface to metal, leaving excess electrons on the metal side and holes on the oxide surface. This is understandable when the metal Fermi-level EF is lower than the Eo of the oxide surface before contact.
Under frictional motion, atomic distance between the two contact materials may be "squeezed" periodically, considering the existence of microscopic nanogaps from surface roughness. At atomic level, periodically changing atomic distance is also expected by "stickslip" Prandtl-Tomlinson model. [1, 21] Consequently, electronic excitation of energetic electrons/holes to higher/lower energy distribution spectrum may be induced, when the symmetry of interfacial electrostatic equilibrium is interrupted on and off. [22] Here we assume a non-equilibrium charge density increase ∆σ that can dissipate through (Figure 2f) :
where ∆σm,tunnel, ∆σm,acc, and ∆σm,phonon denotes the portion of ∆σm dissipating into tunneling current, surface charge accumulation, and heat, respectively. Among the three terms, and ∆σm,tunnel and ∆σm,acc, are the results of non-adiabatic energy conversion into energetic carriers deviated from the Oppenheimer approximation. [22] For the electrons with sufficient energy to overcome the Schottky barrier (marked as red in the energy distribution spectrum in Figure 2f ), they can pass through the thin oxide layer via quantum mechanical tunneling into the semiconductor side ("forward" tunneling), which corresponds to ∆σm,tunnel. The ones with insufficient energy for tunneling, but enough energy for contact electrification (it also has an energy barrier as predicted by density function theory (DFT) calculation [17] ) will be trapped at the surface states (∆σm,acc), or "back" tunneling into the metal side [9, 23] . The tribo-tunneling generator uses ∆σm,tunnel as the d.c. source, of which the tunneling current I can be calculated by [22, 24] :
, (6) where, d is the oxide thickness, Φ is the Schottky energy barrier height, kB is the Boltzmann constant, and T is the temperature. α and β are parameters which are associated with surface state density and effective contact area. In Eq. 6, the first and second exponential component corresponds to the exponential decayed probability of quantum tunneling as a function of forbidden region distance (one-dimensional) [5] and the probability of thermionic emission of hot carrier through the Schottky barrier, respectively. A similar situation can be found in catalytic reaction of molecules on the Schottky junctions. [22, 25] The chemically induced electronic excitation is manifested as exoelectron emission, surface chemiluminescence, and "hot electron" tunneling current [22] -in analogy with tribo-exoelectron [26] , triboluminescence [27] , and the tribo-tunneling current of MIS junction in our case.
As summarized in Figure 2g , the J of tunneling d.c. is about 3-4 orders' higher than dielectric a.c. density in conventional TENGs. [28, 29] Moreover, the current output exhibits a sustained feature under continuous or a relatively fast reciprocating sliding fashion, while the dielectric a.c. manifests itself as transient output as a function of time. [3, 5] In conventional TENGs, the maximum electrostatic ∆σm achieved by external charge injection is ~1 mC/m 2 , which approaches the dielectric air break down limitation. [28] The quantification of ∆σm in the tribo-tunneling transport may need further scrutiny into the space where the voltage is built up.
If we assume the voltage is built up capacitively across the 1.6 nm surface oxide, the dynamic ∆σm is estimated as high as 6.5 mC/m 2 , using Voc=300 mV, d=1.6 nm, ε=3.9, ε0=8.85×10 -12 F/m.
A more plausible scenario is that the Voc is exerted on the Si depletion layer with the width on the order of 100 nm. Accordingly, ∆σm would be on the order of 0.1-1 mC/m 2 . (Figure 3e-3f) . As a result, ∆σm may be interpreted as increasing "hot" holes as illustrated in Figure 3f . This is in good agreement with the observed Voc direction reversal in the combination of contact materials for the tribo-tunneling systems with different work function. [5, 6] Under Peakforce tapping mode, localized mechanical properties such as elastic modulus, deformation, and adhesion can be extracted from the force curve collected on each cycle ( Figure S4 in Supporting Information). As shown in Figure 3g -3i, the reduced modulus and adhesion, and the increased deformation of the rubbed area indicates a possible Si-O surface bond rupture during the friction, increasing the surface state density and thus contributing to the ∆σm. As proposed by Grunthaner, et al. [31] , excited Si surface with native oxide may induce a large number of Si-O bond cleavages with stationary Si 3+ defects (holes) and mobile O -defects (electrons). These charge carriers may quickly recombine releasing heat or take part in electrons tunneling, which is in line with our above discussion from energy band diagram point of view.
The Voc outputs for three different sliding speeds v (v1> v2> v3) are shown on Figure 3j . It can be seen that the Voc under the slowest sliding shows a smaller value compared to the other two cases. When the sliding speed/frequency is fast enough (the case with v1), the Voc output becomes continuous, which is in line with the reported result under a circular sliding mode. [5] Interestingly, the contact force dependent Voc measurements (Figure 3k) show that the rising potential difference is not affected by the contact force in a wide force range. Since the surface oxide is more rigid than organic materials, it may be less prone to a significant contact area change, which has been considered as a main reason why the apparent charge density of polymer material-based contacts is always enhanced with increasing force. [9] It is also noted that the Voc signal when the two materials are separated is fluctuated (Figure 3k) . This resembles the Voc output of a conventional vertical mode TENG, where the voltage is now a result of work function difference as well as trapped triboelectric surface charges. [3] In summary, it has been revealed that the tribo-tunneling transport in the metal-insulatorsemiconductor sliding system is associated with the friction-induced electronic excitation at interface. The driving force of the tribo-tunneling transport and dielectric displacement current 
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